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ABSTRACT 
 
In 2010, several European countries (Germany, Britain and the Netherlands), published a new or a 
revised design guideline for the design of piled embankments. France will follow in 2012. Both the Dutch 
(CUR226) and the German design guideline (EBGEO chapter 9) based their design calculations (for the 
vertical load) for the geosynthetic reinforcement on Zaeske’s model (2001). This model consists of two 
calculation steps: (1) the load distribution (arching) and (2) the load-deflection behaviour of the 
membrane. In the Netherlands, a research program is carried out for further optimizing the Dutch design 
guideline.  
This research program consists of several long-term field studies, an extensive laboratory test series and 
finite element analysis. The test set up of the laboratory makes it possible to evaluate specifically 
calculation steps 1 and 2 separately and develop modifications of the model. This paper describes the 
field studies and the laboratory experiments briefly and gives an overview of the main results. 
 
1. INTRODUCTION 
During the last eight centuries, the Dutch had to protect the low parts of their country against sea level 
rise by the construction of polders. Regularly, the weak and compressible soil in these polders gives 
major problems while constructing roads or railroads. The subsoil typically consists of 6 to 18 meters of 
soft and compressible organic clay and peat deposits (undrained strength of 10 kPa or less is no 
exception), and below that a firm stratum of sand. The ground water table is just below ground surface. 
During many centuries, the Dutch in these areas therefore mainly chose to travel by boat.  
However, cars and trains were developed and the need for road and railroads grew. The usual solution of 
raising sand embankments appeared not to be possible in areas with very soft layers. Solutions with the 
‘rijzen bed’ (fascine mattress) below groundwater or concrete slaps on piles were constructed.  
 
Since the beginning of the twenty-first century, the Dutch have been constructing more and more piled 
embankments. Because of the very soft soils, only piled embankments with a basal reinforcement are 
built. Between 2002 and 2012, the Dutch constructed around 30 piled embankments.  
A basal piled embankment consists of a field of piles with (or sometimes without) pile caps with an 
embankment (fill), that is reinforced with a geosynthetic reinforcement (GR). This paper considers the 
design of the geosynthetic reinforcement (GR). The Netherlands, Germany and Britain published a new 
or updated design guideline for geosynthetic reinforced piled embankments. These guidelines 
(respectively CUR 226 (2010), EBGEO (2010) and BS8006 (2010)) consider the influence of the vertical 
load (traffic load, soil weight) and the horizontal load (breaking forces, spreading forces, centrifugal 
forces etcetera) separately. This paper only considers the consequences of the vertical load. 
 
First, the paper summarizes the basic idea of GR design, considering vertical load only. Then, the paper 
presents two field studies and summarizes the results of these measurements. This leads to the purpose of 
a model experiments series. After describing the tests, the most important conclusions of the experiments 
and the field studies lead to suggestions for the modification of the CUR 226 calculation model. 
2. SUMMARY DESIGN GUIDELINES 
The calculation of the GR strains from the vertical load is usually carried out in two steps, as shown in 
Figure 1. In the first step, the vertical load is divided into two parts. The first part is transferred to the 
piles directly, and called ‘A’ (kN/pile). The second part is the ‘rest’. In Figure 1 this ‘rest’ is called 
‘B+C’. Part A is relatively large due to arching. Therefore, this step 1 is called the ‘arching step’. Both 
EBGEO and CUR226 adopted Zaeske’s model (Zaeske, 2001) for this calculation step. BS8006 adopted 
Marston’s (1913) model, and modified this model to get a 3D model (as described in Van Eekelen, 2011a 
and Lawson, 2012). 
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In step 2, it is assumed that the GR strip between two piles is normative for the GR design. In other 
words, it is assumed that the strains occur mainly in this strip. Assuming a load distribution on this GR 
strip, and support from the subsoil (if allowed), the GR strain  can be calculated. CUR and EBGEO 
calculate with a triangular distribution of the load on the GR strip, while BS8006 chose for an equally 
distributed load, and never allows calculating with subsoil support. Lawson (2012) suggests interpreting 
the BS8006 differently: namely to consider the net load on the GR. 
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Figure 1: The calculation of the GR strain due to vertical load is carried out in two steps. 
Step 2 implicitly results in a further division of the vertical load, as shown in Figure 2; load A goes 
directly to the piles (arching), load B is transferred through the GR to the piles and load C is carried by 
the subsoil. It should be noted that load A, B and C are expressed in kN/pile and that A, B and C are 
vertical loads. 
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Figure 2: Load distribution in a piled embankment. 
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3. FIELD TESTS 
Table 1 presents two recent Dutch field studies: a railway in Houten (a) and a highway’s exit near 
Woerden (b). Figure 3 and Figure 4 compare the resulting measurements of the load distribution with 
EBGEO/CUR predictions. The figures show that the measured load part A is higher than the predicted 
load part A. Thus, calculation step 1 underestimates the arching in comparison with the measurements.  
Load part B is related directly to the GR strain  and thus the tensile force in the GR and is therefore an 
important parameter. The figures show that the measured B is (much) lower than the EBGEO/CUR 
prediction, which is therefore on the safe side.  
Table 1: Overview of three Dutch field tests 
  Houten Railway Woerden Highway's exit 
 in use since November 2008 June 2009 
  location 1 location 2  
G
eo
m
et
ry
 a
n
d
 p
ro
p
er
ti
es
 
soil conditions 1 m sand, 3 m soft clay, 20 m sand 17 m soft clay 
pile foundation High Speed Piles (HSP), pile shafts 
ø0.22 m, cast in situ pile heads ø0.40 m. 
prefab piles 0.29x0.29 m
2
, smooth 
square prefab pile caps 0.75x0.75 
m
2
 
centre-to-centre 
distance piles 
1.25x1.40  m
2 
 1.45x1.90  m
2
 2.25x2.22 m
2
 
height 
embankment
a 
2.60 m 2.60 m 1.53-1.89 m 
reinforcement 
across (bottom 
layer) 
Fortrac M 450/50 
(PVA) 
Fortrac R 600/50 
T (PET) 
Stabilenka 600/50 (PET) 
reinforcement 
along (top layer) 
Fortrac M 450/50 (PVA) Fortrac R 600/50 T (PET) 
M
o
n
it
o
ri
n
g
 
load distribution A, A+B traffic weight, A, A+B, locally C 
settlements settlement tubes and surface scanning settlement tubes and surface 
scanning 
GR strains Glötzl transducers strain gables, and optic fibres 
pile moments no yes; optic fibres 
     
 references Van Duijnen et al., 2010 Van Eekelen et al., 2012b 
a
 at monitoring location (road surface or top of rail - pile cap head) 
 
As the measured B is lower than the calculated B, it is expected that the measured GR strain is smaller 
than the calculated GR strain. This is confirmed in Figure 5. This figure presents the measured 
(temporary) increase in GR strain that occurs during passages of trucks. The GR strains were measured 
with optic fibres. The shape of the two trucks can be recognized in the measurements, especially 01 
shows clearly the difference between the three set of wheels axles of truck 1 (the centre wheel is lifted) 
and the four wheel axles of truck 2. These measurements are presented more in detail in Van Eekelen and 
Bezuijen, 2012.  
 
The extra GR strain around piles 692-680 is predicted with EBGEO/CUR and a modified version of 
EBGEO/CUR (with an inverse triangular load distribution as described in Van Eekelen et al., 2011d). To 
determine the temporary extra strain due to a truck, the difference between two situations is determined. 
The first situation is the one without traffic, with a GR stiffness determined from the isochronous curves 
for 1 year loading time and 1.5% estimated strain, resulting in a GR stiffness J = 5180 kN/m
2
. The second 
situation with a truck of 32 ton and a GR stiffness determined for 1 month loading time and 1.5% 
estimated strain, resulting in GR stiffness J = 5319 kN/m
2
. EBGEO/CUR predicts 0.5% extra GR strain, 
the modified version with the inverse triangle predicts 0.22%. The increase in GR strain 09 and 03 lies 
around 0.1%.  
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It is concluded that the design model of EBGEO and CUR underestimate the arching (A), and 
overestimate the GR strains in comparison with the field measurements. In the next sections, this will be 
further analysed. 
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Figure 3:  Results of field measurements at the Houten railway (Van Duijnen, 2010).  
Subgrade reaction k in predictions:  k = 100 kN/m
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Figure 4: Results of field measurements near Woerden, see also Figure 5.  
Subgrade reaction k in predictions: k = 0 kN/m3 (no subsoil). 
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Figure 5: Measurements of the GR strains during the passage of two trucks on 6 September 2011. 
truck A 
truck B 
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4. LABORATORY EXPERIMENTS 
A series of nineteen piled embankment model experiments was carried out in the Deltares laboratory. The 
main purpose of the experiments was to understand why the predicted GR strains are larger than the GR 
strains that were measured in the field.  
Starting point was that it had to be possible to validate calculation steps 1 and 2 separately (Figure 1). 
Therefore, it was necessary to be able to measure load parts A, B, C (Figure 2) and the GR strain 
separately. Furthermore, GR was to be included, and the fill had to be as realistic as possible, that means 
that most tests were carried out with a granular fill of crushed recycled construction material. 
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Figure 6: Side view and top view of the test set-up 
  
Photo 1:  Test set-up 
The nineteen tests were conducted by using the test set-up given in Figure 6. A foam cushion modelled 
the soft soil around the 4 piles. This cushion was a watertight wrapped soaked foam rubber cushion. A tap 
allowed drainage of the cushion during the test, which modelled the consolidation process of the soft soil.  
A 1.5 to 2 cm layer of sand was applied on top of the foam cushion and the piles. On top of this, a stiff 
steel frame was placed on which the GR was attached. The GR was a geotextile or a geogrid. The 
stiffness of the GR varied per test, and the number of reinforcement layers varied between one and two.  
The embankment was fine sand (Itterbeck sand (125-250 m) or granular fill (crushed granular rubble 1-
16 mm) of varying height, although in most tests 0.42 m. The top load was applied with a water cushion 
that applied stresses comparable with field stresses. 
 
After the installation of the fill, each test was carried out as follows: (1) one drainage step foam cushion 
(modelling subsoil consolidation), (2) installation of the water cushion and first top load increase, (3) one 
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or more drainage steps (4) second top load increase, (5) one or more drainage steps and so on, up to the 
maximal top load (varying between 50 and 100 kPa) and the subsequent drainage steps. 
The test set-up is similar to the test set-up of Zaeske (2001). In the series reported here, however, the fill 
in most tests was granular material instead of sand, the subsoil support was controlled with the foam 
cushion and the load distribution was measured differently. 
 
The following features were measured: pressures on the piles, both on top of and below the GR. The 
pressure in the foam cushion and the water cushion, the total load on the foam cushion, strains of the GR 
and settlements of the GR at 3 to 5 locations. 
 
The results of the first twelve tests are described, analysed and compared with CUR/EBGEO calculations 
extensively in Van Eekelen et al., 2011c and 2011d. The next section gives the most important 
conclusions of the nineteen tests.  
5. SUGGESTIONS FOR MODIFICATIONS ANALYTICAL MODEL 
5.1. Calculation step 1 
As shown in section 2, calculation step 1 divides the vertical load into two parts: A and B+C. Figure 7 
compares the measured and calculated results of step 1 (load part A). The figure shows that the measured 
A follows a smoothly ascending curve when plotted against net load. The figure also shows that 
consolidation of the subsoil results in increased measured arching (A) in the fill. Consolidation (subsoil 
deformation) is obviously necessary for the development of arching.  
According to EBGEO/CUR, the arching is independent from the deformation due to consolidation of the 
subsoil. This results in a calculated value for arching load part A that is lower than measured in the model 
tests, and in turn gives a calculation for load part B+C (and thus GR strain) that is higher than measured 
in the model tests. The improvement of step 1 is subject for further study, and will be published at a later 
date. 
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Figure 7: Measured and calculated 
(CUR/EBGEO) result of step 1 (arching) 
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Figure 8: Measured strains occur mainly in the tensile 
strips that lie on the GR strip between adjacent piles, in 
accordance with the calculation models (see Figure 1)., 
5.2. Calculation step 2 
Calculation step 2 (membrane step), consists of two parts. Firstly, the assumption is made that the GR 
strains occur mainly in the GR strips as shown in Figure 1. Figure 8 confirms this first assumption: all 
tests show that the GR strains occur mainly in the tensile strips that lie on top of and between adjacent 
piles.  
EBGEO/CUR226 calculations do not take GR strains on the pile caps into account, although these can be 
the largest GR strains under specific conditions, such as for the smooth, small-diameter pile caps in the 
test set-up. As this has not been confirmed in most field tests, it is decided not to modify the step 2 
calculations on the basis of this conclusion, which is a decision on the ‘safe side’. 
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The loading and supporting of the GR strip is considered in the second part of step 2, as shown in Figure 
1. The load distribution on the strip is directly related to the deformed shape of the GR, as shown in 
Figure 9. EBGEO/CUR226 uses the (blue) triangular load distribution, while the British BS8006 uses the 
(red) equally distributed load. 
 
x
z
cx3+dx2
bx3
ax2
GR
           
Figure 9: Relation between shape deformed GR (left) and load distribution (right).  
The shape of the deformed GR is measured both with a liquid levelling system, and by scanning the 
surface of the sand layer below the GR, before and after the test. The results of both measurements, of 
several tests, are presented in Figure 10. From this, it should be concluded that the load distribution on the 
GR strip agrees best (at least) with the (green) inverse triangle of Figure 9. This is also confirmed by the 
direct measurements of the vertical load with extra force transducers on the GR strips between the piles, 
as shown in Figure 11 and by numerical calculations as shown by Den Boogert et al., 2012. 
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Figure 10: the measured shape of the GR agrees best 
with the third-order-polynomial 
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Figure 11: measured load distribution on the 
GR strip 
In the field test at Woerden, the settlements were measured by measuring the water pressure within tubes. 
It was necessary to measure the settlements each 0.10 m (normally, this is 0.50 m), to be able to 
determine the shape of the deformed GR. Figure 12 gives the measured GR deformations for tube 3 
(Figure 5), that lies directly upon the GR, across piles. The second derivative of these measurements 
corresponds directly with the load distribution on the GR strips. Taking the second derivative introduces 
quite some scatter, even after some averaging, but the shape of the (red) lines approaches more the 
inversed triangle than a triangular or constant load distribution. 
 
It is concluded that the distribution of the line load on the reinforcement strip between two piles tends to 
have the distribution of an inverse triangle. However, EBGEO/CUR calculations are based on a 
triangular-shaped line load. 
Considering the subsoil support (Figure 1) of the GR strip, EBGEO/CUR mobilises only part of the 
subsoil, namely the area below the GR strips between the piles. Van Eekelen et al., (2011d) suggest how 
the supporting subsoil area can be increased to the entire available area below the GR, as described more 
in detail in Lodder et al., (2012).  
Figure 13 shows the results of modifying EBGEO/CUR-step 2 by improving both the subsoil support and 
the load distribution. The figure shows that this gives a much better agreement with the measurements, 
and 19-26% less GR strain than the EBGEO/CUR assumptions. Changing these features can thus give a 
reduction of 19-26% of necessary GR strength. 
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Figure 12: Measured settlements in Woerden, October 2011, road had been in use for ca. 16 months 
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Figure 13: Comparison measurements and calculations step 2; effect of modifications CUR/EBGEO 
calculation model: a. modification load distribution (from triangular shape to inverse triangular shape) 
and b. modification subsoil support (from below GR strip only to below entire, diamond shaped GR area) 
6. CONCLUSIONS 
Both the Dutch CUR 226 (2010) and the German EBGEO (2010) adopted their basic calculation model 
for the GR design of Zaeske (2001). This model consists of two steps: the arching step that distributes the 
load in a part that is transferred directly to the piles and a ‘rest load’ and the membrane step, calculation 
the GR strain from the ‘rest load’. 
An ongoing Dutch research program must lead to more understanding of the arching mechanism and 
membrane mechanisms, and in time lead to a new version of the Dutch guideline. Several field tests show 
that the measured GR strains in the field are considerably smaller than the strains predicted with the 
calculation model of Zaeske. The purpose of model experiments was therefore to understand the 
difference between calculated and measured GR strains.  
The model tests show that consolidation of the subsoil results in an increase of arching (an increasing A). 
This behaviour is not described in the arching models of Zaeske (or the BS8006) yet and is subject of 
further study. The measured strains in the experiments confirm the assumption of calculation step 2, that 
the GR strain occur mainly in the GR strips between two adjacent piles. Finally, it is shown that two 
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modifications of the calculation model improve the agreement between calculations and measurement for 
step 2 considerably for both static loading and dynamic loading by trucks: 
- The load distribution on the GR strip should have the shape of an inverse triangle, rather than the 
triangular shape of the EBGEO/CUR or the equally distributed load of the BS8006. 
- The subsoil support should be taken into account for the entire area below the GR, not only for the 
area between the adjacent piles. 
Adopting these two modifications leads to 19-26% less GR strain, and therefore to 19-26% less required 
GR strength. 
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